Pollen-mediated transgenic flow of herbicide resistance occurs bidirectionally between transgenic cultivated rice and weedy rice. The potential risk of weedy traits introgressing into hybrid rice has been underestimated and is poorly understood. In this study, two glufosinate-resistant transgenic rice varieties, hybrid rice (F 1 ), and their succeeding generations (F 2 -F 4 ) were planted for 3 years in field plots free of weedy rice adjacent to experimental weedy-rice fields. Weedy-rice-like (feral) plants that were both glufosinate-resistant and had red-pericarp seed were initially found only among the F 3 generations of the two glufosinate-resistant transgenic hybrid cultivars. The composite fitness (an index based on eight productivity and weediness traits) of the feral progeny was significantly higher than that of the glufosinate-resistant transgenic hybrid (the original female parent of the feral progeny) under monoculture common garden conditions. The hybrid rice progeny segregated into individuals of variable height and extended flowering. The hybrid rice F 2 generations had higher outcrossing rates by pollen reception (0.96-1.65%) than their progenitors (0.07-0.98%). The results show that herbicide-resistant weedy rice can rapidly arise by pollen-mediated gene flow from weedy to transgenic hybrid rice, and their segregating pollen-receptive progeny pose a greater agroecological risk than transgenic varieties. The safety assessment and management regulations for transgenic hybrid rice should take into account the risk of bidirectional gene flow.
Introduction
Herbicide resistance has been the dominant trait of transgenic crops. The global area of transgenic crops had reached 185.1 million ha by 2016, of which over 80% were herbicideresistant, including those with stacked traits (ISAAA, 2016) . Most herbicide-resistant transgenic crops are transformed to withstand otherwise non-selective herbicides. These chemicals have a wide spectrum of weed control and thus kill the vast majority of plants with the exception of the resistant transgenic crop. The evolution of herbicide-resistant weeds caused by intense selection pressure from recurrent use of a single herbicide in transgenic crops has become widespread (Beckie and Hall, 2014; Busconi et al., 2014; Bonny, 2016) . In addition, when weedy relatives infest transgenic crops, transgene flow can transfer the resistant trait to them and thus aggravate the weed problem . Therefore, the safe and sustainable use of transgenic technology depends on the implementation of proper prevention and mitigation of gene flow based on a thorough agro-ecological risk assessment of transgene escape (Gressel and Valverde, 2009; Rong et al., 2012) .
Weedy rice (Oryza sativa), conspecific to cultivated rice (also O. sativa) , is one of the most serious weeds in paddy fields worldwide (Valverde, 2005; Delouche et al., 2007) . It is frequently closely related to its companion cultivated rice, as it has been detected in morphological and genetic studies (Ishikawa et al., 2005; Akasaka et al., 2009; Prathepha, 2009; Gross et al., 2010; Li et al., 2017) , suggesting a possible origin of weedy rice as a de-domesticated (feral) form. Although rice is predominantly self-pollinated, bidirectional gene flow between the cultivated and weedy forms occurs, although at a relatively low rate of usually less than 1% (Messeguer et al., 2004; Gealy, 2005; Rong et al., 2007; Shivrain et al., 2007) . However, this rate is of practical relevance, as observed with the commercial cultivation of imidazolinone (IMI)-herbicide-resistant (Clearfield TM ) rice varieties that have been responsible for the quick introgression of the IMIresistance genes into weedy rice populations wherever this rice is grown Gressel and Valverde, 2009; Valverde, 2013; Sudianto et al., 2013) . Moreover, despite some cross-incompatibility between the two major subspecies of rice (O. sativa ssp. indica and O. sativa ssp. japonica), introgression of genes for enhanced traits does occur in the field, as observed for the transfer of IMI resistance from tropical japonica rice to indica weedy rice in the USA and elsewhere (Craig et al., 2014) . Most research on gene flow has focused on the transfer of transgenes from transgenic rice to weedy rice (the 'forward' direction) (Gealy, 2005; Song et al., 2009) , because of the concerns about the escape and persistence of such transgenes in weedy rice populations through seed-shattering and dormancy. Under properly managed commercial production, the density of cultivated rice greatly surpasses that of weedy rice even at high infestations (Valverde, 2005) . However, 'reverse' gene flow (from weedy to cultivated rice), will also result in herbicide-resistant weedy individuals (Serrat et al., 2013) . Therefore, gene flow between transgenic and weedy rice in any direction may lead to similar results (Olsen et al., 2007) . In addition, it is known that the crop itself has the potential to back-mutate into weedy types, and thus many types of weedy rice are closely related to the varieties they associate with (Ammann et al., 2000; Dale et al., 2002; Zhang et al., 2012; Sun et al., 2013) . Hence, transgenes are likely to escape from transgenic rice by the cultivated form reverting to a weed type. A detailed study based on cytoplasmic maternal inheritance has recently demonstrated that some weedy rice accessions derive from cultivated hybrid rice as an initial female parent (Zhang et al., 2015) . This suggests that the herbicide-resistant transgenic rice itself also has the potential of being pollinated by weedy rice, resulting in herbicide-resistant weedy progeny.
The risk of a herbicide-resistance transgene escape depends on the actual gene flow frequency between the transgenic and weedy rice or the reversion to weediness of a transgenic cultivar, and on the ability of the new herbicide-resistant progeny to persist. Gene flow from transgenic herbicide-resistant rice to weedy rice usually results in progeny at least equally as fit as their weedy rice parents Song et al., 2011) . Similarly, when cultivated rice serves as the female parent in a cross with weedy rice, the progeny is also as fit as the respective weedy rice parent (Shivrain et al., 2009a) . However, the risk of reverse (weed to crop) gene flow has been seriously underestimated and even ignored completely because it was thought that the non-shattering hybrid seed would remain on the spike and be removed together with the crop grain. Hence, limited research has addressed this issue (Serrat et al., 2013) . However, a considerable amount of rice seed can fall onto the soil during harvest (Gealy, 2005; Valverde, 2005) , increasing the impact of reverse gene flow. This needs to be recognised and integrated into the assessment systems of potential agro-ecological risk of transgenic hybrid rice.
Differences in the intrinsic genetic variability and growth characteristics of weedy rice biotypes also play a role in the outcome of bi-directional gene flow (Zuo et al., 2011) . Particular attention should be paid to hybrid rice because of its heterozygous nature and its segregating progeny, easily observed by the variability in plant height, flowering time, and even pollen fertility (Yuan, 2002) , all of which affect their outcrossing rate. These special characteristics, as well as protruding anthers (Gressel, 2002) , may confer transgenic hybrid rice with a higher gene-flow risk and hence justify the need to impose stricter ecological safety evaluation and regulations.
In this study, we established a 3-year experiment using transgenic rice varieties and hybrids to explore the likelihood and the frequency of these rice cultivars turning into herbicide-resistant weeds through receiving pollen from weedy rice. We hypothesise that, as previously proposed (Gressel, 2002) , the comparatively higher outcrossing rate of hybrid rice to that of autogamous varieties may be a key factor for the introgression of weedy traits into the progeny of hybrid rice interacting with the weedy form in commercial fields. An additional gene flow experiment was conducted to indentify descriptors for important weediness traits. Our findings suggest that there is a need to revise the transgenic rice safety assessments and management regulations that were originally established based on the premise of unidirectional gene flow, and to consider the relevance of gene flow from weeds to transgenic crops.
Materials and methods

Plant material
Glufosinate-resistant transgenic rice varieties and hybrids together with their progeny when appropriate were used in the experiments. The transgenic varieties were Bar68-1, 86B, and T1C-19, all homozygous for the bar transgene (Tang et al., 2006; Cui et al., 2013; Sun et al., 2015) . The transgenic hybrids were Xiang125s/Bar68-1 (abbreviated as X125B) (Sun et al., 2015) and II you 86B (IIU86B) (Cui et al., 2013) . X125B is a two-line hybrid whose male parent is Bar68-1. IIU86B is a three-line hybrid whose male and female parents are 86B and a wild abortive (WA) male-sterile line, respectively. Both the hybrid rice cultivars are hemizygous, containing one copy each of the bar gene. The conventional hybrid rice cultivars used in this experiment included the two-line hybrid rice 6 Liang you 9368 (6LY) (China Rice Data Center, http://www.ricedata. cn/variety/) and its F 2 generation (F2-6LY), and the three-line hybrid rice II you 98 (IIY) (China Rice Data Center) and its F 2 generation (F2-IIY). The F 2 generations are the offspring of the rice hybrids that by definition are F 1 s.
Nine weedy rice accessions were also included and were collected in Liaoning (WR1, WR5), Jiangsu (WR3, WR4), Anhui (WR2), Hunan (WR6), Guangdong (WR7, WR9), and Guangxi (WR8) provinces and selected from the weedy rice germplasm bank of the Weed Research Laboratory at Nanjing Agricultural University (Supplementary Table S3 at JXB online).
Experimental field conditions
Experimental fields were located at the Jiangpu Transgenic Rice Experiment Base of the Weed Research Laboratory at Nanjing Agricultural University (32°0′34″N, 118°36′51″E). The area was fenced and surrounded by poplar trees (Supplementary Fig. S1 ). A 'pollen inflow experiment' was established in a field section devoid of weedy rice where only clean agricultural implements were allowed. The nine weedy rice accessions were grown in paddy fields (two fields totaling 3000 m 2 and one field of 1000 m 2 in 2011 and 2012, respectively) situated east and north-east of the pollen inflow experiment field that represent the sole source of weedy rice pollen ( Supplementary Fig. S1 ). A separate gene flow experiment was established in an isolated field nearby.
Pollen inflow experiment
The experiment consisted of six plots ( Supplementary Fig. S2A ), four of which were 70 m 2 each (A1, A2, B1, and B2) together with two larger ones of 210 m 2 each (A3 and B3). Different generations of the transgenic rice cultivars 86B, Bar68-1, IIU86B, and X125B were grown in the small plots between 2011 and 2013 ( Supplementary Fig. S2B ). The larger plots were used to increase the populations of segregating progeny of the IIU86B and X125B transgenic hybrids. All plots were inspected for the presence of weedy-rice-like (feral) plants with red-pericarp seed at maturity.
The plots were established by direct water-seeding of broadcast pregerminated seed at 10 g m −2 (dry seed weight) and sprayed each year with 450 g active ingredient (a.i.) ha −1 glufosinate ammonium (Basta, Bayer AG) at 40 d after seeding.
Flowering time and plant height
In each of the six plots in each of the 3 years 200 plants were randomly selected to evaluate flowering time (recorded as the period from first to last plant to begin flowering) and plant height at maturity. The flowering time obtained by this descriptor only reflects the period during which individuals began flowering and not the length of flowering, and hence was used only to compare flowering synchrony among the populations.
Measurement of emergence rate of crop volunteers
After harvest, seed obtained from the rice crop in each plot was broadcast onto the soil surface (20 g m ) and allowed to overwinter without ploughing. In the following year, irrigation was provided at the beginning of May to stimulate germination. Emerged crop volunteers (from the broadcast seed and the naturally shed seed) were counted in the entire plot at the beginning of June and then removed from the field. Emergence of volunteers was expressed as density per plot.
Screening and identification of feral plants
All rice individuals in every plot were carefully inspected at maturity in each of the 3 years. Feral plants and their panicles with mature seed possessing red pericarps were collected and stored at low temperature (5-15 °C) until further use. Young leaves of these feral plants were collected for total DNA extraction.
The molecular marker RID14 (forward: 5′-TCCAGGCACC ACACAGAGA-3′; reverse: 5′-GGCACTGAAATCACCTTGG-3′) based on the red-pericarp Rc gene ) was used to genetically confirm the red pericarp phenotype, and to determine whether plants were homozygous or heterozygous for the Rc gene. The marker orWA352 (forward: 5′-GTTGATGGGTATGGATAGAG-3′; reverse: 5′-CGCAGGGCCTCGGTATATCTA-3′) based on the wild abortive cytoplasm male-sterility WA352 gene (Luo et al., 2013) was used to determine whether the female parent of feral plants was hybrid rice. The marker bar (forward: 5′-GCACCATCGTCAACCACTAC-3′; reverse: 5′-GCCAGAAACCCACGTCAT-3′) based on the glufosinateresistance bar gene was used to detect the presence of the bar gene in the feral individuals. The PCR products of the marker RID14 and those of orWA352 and bar were separated by 6% and 1.5% polyacrylamide gel electrophoresis, respectively.
Evaluation of weediness traits in feral individuals
The seed produced by each feral individual was considered as a feral group. Seed of feral plants collected in 2012 from the F 3 generations of transgenic two-and three-line hybrid rice in the A3 (33 feral groups) and B3 (27 feral groups) plots, and those of X125B, IIU86B (female parents of feral plants), and the nine weedy rice accessions (WR1-WR9, potential male parent of feral plants) were sown in a nursery. When the plants reached the six-leaf growth stage they were transplanted into a common garden at a distance of 25 cm within rows and 30 cm between rows. Glufosinate ammonium (450 g a.i. ha −1 ) was applied 15 d after transplanting to verify the expression of glufosinate resistance in the feral plants and to control weeds. Uncontrolled weeds and those emerging in plots planted with weedy rice accessions, where the herbicide was not applied, were eliminated manually. Eight traits related to weediness were measured at the reproductive stage: plant height, tiller number per plant, estimated flag leaf area (calculated as the product of leaf length × width), panicle length, spikelet number per panicle, seed-set rate, seed-shattering rate, and 100-seed weight. Ten plants of each feral group, X125B, IIU86B, and the nine weedy rice accessions were randomly selected for the measurements. The relative fitness of feral groups compared to that of their initial female crop parent and potential weedy male parents (the nine weedy rice accessions) was calculated according to Song et al., (2004) and Song et al., (2011) . Briefly, the mean value for each trait measured in the female parent was assigned a value of '1.0'. The ratio with the mean value of the trait in each of the corresponding feral groups was then calculated. Similarly, the relative fitness of each feral group in relation to each of its potential (weedy rice) male parents was calculated, this time assigning the value of '1.0' to the mean value for the trait measured in the corresponding weedy accession. For each individual comparison, a value above 1.0 indicated enhanced performance of the feral group. Finally, a composite fitness value was assigned to each feral group (in relation to each of its female or potential male parents) as the mean value of the eight relative fitness values.
Gene flow-experiment
Seedlings of transgenic varieties and conventional hybrids at the six-leaf growth stage were transplanted at a distance of 25 cm in rows separated by 30 cm ( Supplementary Fig. S3 ). The transgenic rice varieties 86B, Bar68-1, and T1C-19 served as pollen donors while hybrid rice 6LY and IIY and their offspring (F 2 generations designated as F2-6LY and F2-IIY, respectively) were used as pollen receptors (12 gene-flow combinations). Each combination was repeated four times; there were 60 plants of each pollen receptor in each replicate.
The length of flowering (the duration for which flowers were open) of each pollen donor and receptor was recorded to calculate the overlapping flowering time for each gene-flow combination. The height of 10 randomly selected plants of each type was measured at flowering. The male sterility of plants in the F2-6LY and F2-IIY populations in each geneflow combination was confirmed by the standard pollen I 2 -KI staining method. A single panicle from each male-sterile plant was selected, and five panicles were collected in each combination at maturity for detection of glufosinate-resistant seed. Seeds of pollen receptors in each combination were harvested at maturity, and at least 10% of them were used to verify glufosinate resistance for calculation of the rate of gene flow.
Statistical analysis
ANOVA was used to determine the significance of differences in plant height and outcrossing rates among pollen donors and receptors in the gene-flow experiment, as well as the significance of differences in volunteer density among the types used in the 'pollen inflow experiment' in each year. Independent t-tests were used for all comparisons involving pairs of means, including for plant height and seed-shattering rate comparisons between the feral progeny and their initial female parent, the outcrossing-rate comparisons between the two hybrid rice generations in the gene-flow experiment, and the relative fitness comparisons between the feral progeny and their original female parent and original potential male parent. All statistical analyses were carried out using PASW Statistics version 18.0 for Windows (IBM Inc., New York, USA).
Results
Herbicide-resistant feral plants are found in the F 3 progeny of field-grown transgenic hybrid rice
Weedy-rice-like (feral) plants with red pericarps were identified by inspecting every rice plant in the experimental paddy field. None was found associated with the transgenic varieties or with the transgenic hybrids (F 1 ) themselves or the progeny (F 2 ) of the hybrids in the first year of the experiment (2011). Distinctive feral plants appeared in some plots in the following two years (Fig. 1A) . In the second year (2012), 33 and 27 feral plants were found exclusively among the hybrid rice generations F 3 -IIU86B and F 3 -X125B growing in Plots A3 and B3, respectively (Fig. 1B) . In the third year, in addition to 20 and nine feral plants found in Plots A3 and B3 planted with F 4 -IIU86B and F 4 -X125B, respectively, four and one feral plants were also found in Plots A2 and B2, which were planted with F 3 -IIU86B and F 3 -X125B, respectively (Fig. 1C) . Interestingly, no feral plants were ever found throughout the 3-year experiment in Plots A1 or B1, which were respectively sown with saved seed from the cultivars 86B and Bar68-1 harvested the previous season. Thus, feral plants with red pericarps began appearing only in the F 3 generations of transgenic hybrid rice.
The red pericarp genotype was confirmed by detecting the Rc gene through a molecular marker test. All feral plants were heterozygous for the Rc gene (Fig. 1D) , except for one feral individual of F 4 -IIU86B that was homozygous. Additionally, a separate molecular marker test confirmed that all feral plants had the glufosinate-resistance bar gene (Fig. 1E ). All feral plants found in Plots A2 and A3 (that had been initially planted with hybrid rice bred using a WA male-sterile line) contained the WA cytoplasmic male-sterility gene WA352, but it was absent in all feral plants found in Plots B2 and B3 (Fig. 1F ) that were initially planted with the two-line hybrid rice X125B (in whose production no WA male-sterile line was involved). Thus, it is highly likely that these feral plants were directly derived from transgenic hybrid rice within the same plot.
Fitness traits engender weediness in feral progeny
Although a red pericarp is a common characteristic among weedy rice accessions, the most agronomically relevant traits of weedy rice are its competitive ability and shattering of differentially dormant seed. The calculated composite fitness of each progeny group based on eight characteristics (vegetative: plant height, tiller number, estimated flag leaf area; and reproductive: panicle length, spikelet number, seed set rate, shattering rate, 100-seed weight) measured under common garden conditions indicated that most feral groups had higher relative fitness than their original female parents (transgenic hybrid rice). Many of the feral groups even had higher relative fitness than their weedy rice parents, i.e. the nine weedy rice accessions (Fig. 2) . Feral plants consistently had greater relative fitness for plant height (i.e. they were taller) than their crop female parent or any of the potential weedy rice male parents ( Supplementary Fig. S4 ), except those designated as WR7 and WR8 (Supplementary Tables S1, S2 ). Likewise, they also had greater relative fitness for leaf area except for that of the potential WR4 and WR6 male parents. All feral plants bore fewer tillers than their known female or their putative male parents (Supplementary Tables S1, S2 ). In general, feral progeny were vegetatively superior to their female crop progenitor and equivalent or superior to their potential weedy rice parents. In relation to reproductive traits, feral progeny developed equivalent or longer panicles, equivalent or more spikelets, but set less seed than their parents (crop or potential weedy). The feral progeny produced lighter seed than their female parents, but equivalent or heavier than that of their weedy rice parents (Supplementary Tables S1, S2 ). The seed of the feral progeny shattered substantially more than their female parents ( Supplementary Fig. S4 ), but less than their weedy rice parents (Supplementary Tables S1, S2 ).
The high relative (both vegetative and reproductive) and composite fitness, weediness traits, and glufosinate-resistance of the feral plants suggest that they could be potentially harmful and difficult to control in paddy fields, particularly if glufosinate-resistant transgenic rice is grown sequentially.
Hybrid rice segregating progeny have extended flowering time and height diversity
Plant height and flowering duration were recorded for every generation in the experiments, including for the transgenic rice varieties 86B and Bar68-1 and the transgenic hybrids X125B and IIU86B and their F 2 -F 4 generation progeny, which included the feral plants whose characteristics have been described in the previous section. The transgenic cultivars had uniform and narrow flowering duration (8-14 d) and plant height (height difference between 15 to 21 cm). The segregating progeny (F 2 -F 4 generations) of transgenic hybrid IIU86B began flowering earlier than their progenitor, and that of X125B initiated flowering at the same time or earlier than their X125B female parent. All progeny had a substantially extended initiation of flowering of to up to 36 d. Their range of values for plant height was also widened, with the difference between the shortest and tallest plant being 86 cm (Fig. 3) .
Segregating progeny of hybrid rice have higher outcrossing rates than hybrid rice
The outcrossing rates of two non-transgenic commercial hybrid rice cultivars (6LY and IIY) and their respective offspring (F 2 generation, F2-6LY and F2-IIY), serving as pollen receptors, were compared in a separate gene-flow experiment. Every pollen receptor was planted together with three varieties of transgenic rice (Bar68-1, TIC-19, and 86B) as pollen donors. In all combinations, the outcrossing rates of both F 2 generations were significantly higher (0.96-1.65%) than those of their respective parental hybrid rice (0.07-0.98%) (Fig. 4A, B) . Correspondingly, both F 2 generations had longer overlapping times of flowering with each pollen donor than the two hybrid rice cultivars, which resulted from their longer flowering periods (Fig. 4D) .
The outcrossing rate from transgenic rice pollen donors to male-sterile plants among two F 2 generations (F2-6LY and F2-IIY) was also determined. Overall, the obligate cross-pollinated male-sterile plants had relatively higher outcrossing rates (8.8-22.4%) (Fig. 4C ) compared with the two F 2 generations (0.96-1.65%) (Fig. 4A, B) .
It is notably that the transgenic cultivar Bar68-1 was significantly shorter than the pollen receptors (Fig. 4D) , probably making it an unsuccessful donor. In addition, Bar68-1 was at a further disadvantage as a pollen donor because of its earlier flowering and shorter flowering period that results, which resulted in a limited overlapping time of flowering with the pollen receptors (Fig. 4D) . Consequently, the combinations in which 6LY and IIY were the pollen receptors had low outcrossing rates. However, the combinations in which the slightly shorter (than their respective female progenitors) F2-6LY and F2-IIY were the pollen receptors had relatively high outcrossing rates (Fig. 4A, B) . In addition, the male-sterile plants among these two combinations had the highest outcrossing rates through cross-pollination (Fig. 4C) . In a field situation, the presence of male-sterile plants among segregating progeny of hybrid rice flowering earlier and being surrounded by typically early-flowering weedy rice plants would be highly conducive for 'reverse' gene flow (i.e. from weed to crop volunteer). Under these conditions, weedy rice, and not the crop, would be the most likely source of pollen.
Progeny of transgenic hybrid rice can potentially persist as volunteers
Farmers do not save seed fromtheir harvested hybrid rice for subsequent sowings. Thus, the possibility of progeny of hybrid rice becoming established depends on volunteers. According to our quantitative observations from 2012 to 2014, all the rice materials that was planted produced volunteers in the following season (0.26-9.62 plants m −2 ) (Fig. 5) . The density of , respectively). In the following two years, progeny (F 3 -F 5 ) of X125B also consistently had more volunteers than the respective progeny of IIU86B. In general, the number of volunteers produced by the transformed varieties was much lower than most hybrid progeny (Fig. 5) . Therefore, the ability to produce volunteers was influenced by the genetic background of the rice. The volunteer density also varied with cropping season (year) for each particular rice line. These varying densities, particularly of the transgenic rice varieties 86B (0.4, 0.26, and 4.46 plants m −2 in 2012, 2013, and 2014, respectively) and Bar68-1 (1.58, 0.36, and 5.2 plants m −2 ), strongly suggest that the occurrence of volunteers is influenced by environmental conditions. 
Discussion
Herbicide-resistant weedy rice can originate through reverse gene flow
Several generations of the transgenic rice varieties 86B and Bar68-1 and of the transgenic hybrid rice IIU86B and X125B were grown over three years in an experimental field that was under glufosinate selection pressure and free of weedy rice, but in close proximity to weedy rice growing in adjacent fields (Supplementary Figs S1A, S2 ). Weedy-rice-like (feral) individuals with red pericarps were initially found in plots (A3 and B3) as part of the F 3 generation of two transgenic hybrid rice (F 1 ) cultivars grown in 2012 (Fig. 1) . Similarly, feral individuals also appeared in 2013 in plots (A2 and B2) that were planted with the F 3 generations of the two transgenic hybrid rice cultivars. Feral plants were never found in plots (A1 and B1) planted with saved seed of two transgenic rice varieties even though these plots were placed side-by-side with the ones planted with hybrid rice. The feral individuals were glufosinate-resistant and carried the bar gene. In addition, the plasmagene WA352 contained in IIU86B was only detected in feral plants collected in plots (A2 and A3) that were planted with the F 3 or F 4 generations of IIU86B. Therefore, feral plants most likely directly derived from transgenic hybrid rice within each plot. In the majority of cases, the red pericarp character in rice is under the control of a dominant Rc gene, while the white pericarp character is under the control of the recessive rc gene that carries a 14-bp deletion in the seventh exon of the Rc gene (Sweeney et al., 2006; Furukawa et al., 2007) . All transgenic rice cultivars (varieties and hybrids) used in this study possessed white pericarps and were homozygous for the rc gene. The feral individuals indentified by their red pericarps were heterozygous for the Rc gene, except for a single individual of the F 4 -IIU86B generation found in one of the plots that was homozygous for this trait. This individual was probably an offspring of a feral plant from the previous year. There are two known potential possibilities for the presence of the Rc gene in a population that originally lacks the gene: gene recombination and gene flow. It is unlikely that the rc gene would mutate into the Rc gene with such high frequency and only in a way that happened in specific generations of the transgenic hybrid rice. Although not being directly a back-mutation, red pericarps can arise in otherwise white-pericarp cultivated material by a second deletion in the Rc gene that restores the red color as a dominant trait (Brooks et al., 2008; Lee et al., 2009) , but this does not seem plausible in our case because all feral plants carried the Rc gene (without the deletion). A possible explanation, for which we are not aware of any previous direct evidence, is that two white-pericarp rice varieties could produce a red-pericarp hybrid progeny through gene recombination; however, there are claims that indica×japonica hybrids may segregate individuals with red pericarps (Xiong et al., 2012) . The possibility of gene recombination would also fail to explain why there were no red-pericarp individuals among the F 2 generation of the transgenic hybrid rice. Therefore, the only plausible explanation is that the dominant allele in feral plants heterozygous for the Rc gene comes from gene flow, and that the pollen donor (with red pericarps) was the weedy rice growing in the adjacent fields.
Traits conferring competitive ability and weediness to feral rice and their progeny will determine the success of the progeny as newly derived weedy rice biotypes. Progeny of hybrids between cultivated rice and weedy rice have always been found to be at least as fit as their parents Shivrain et al., 2009a; Song et al., 2011) . Our results were consistent with those of previous studies in that most feral groups had higher composite fitness indexes than their initial female parents (transgenic hybrid rice) (Fig. 2) . The progeny of feral plants were taller and exhibited more seed shattering, which might confer a greater competitive advantage and a better opportunity to persist as weedy forms compared to their initial transgenic hybrid rice female parents (Supplementary  Tables S1, S2 ). In addition, feral progeny could survive under glufosinate selection pressure together with glufosinate-resistant crop volunteers. Depending on their weedy attributes, they could persist and subsequently evolve into herbicide-resistant weedy rice biotypes.
Clearly reverse gene flow from weedy rice to transgenic hybrid rice will increase the likelihood of the rapid evolution of herbicide-resistant weedy rice, especially under the selection pressure of the herbicide. This is a major agro-ecological risk that needs to be considered and mitigated otherwise it poses a threat to the sustainability of transgenic herbicide-resistant rice technology.
Transgenic hybrid rice is more prone to transgene escape than transgenic varieties
The fact that feral plants were found beginning with the F 3 hybrid rice generation has important implications (Fig.1B) . If such plants arose from reverse gene flow, then the F 2 progeny and not the F 1 (the transgenic hybrid rice itself) must had been the pollen receptor. Both generations were juxtaposed within the experimental plot arrangement, which later also included the F 3 generations. This would suggest that the F 2 generation had higher crossing ability by pollen receptivity than the cultivated hybrid rice. Furthermore, no feral individuals were among subsequent plantings of saved seed of the two transgenic varieties, also emphasising the apparent increased outcrossing rate of the F 2 hybrid generation.
In the gene-flow experiment, we indeed determined that the F 2 generation of hybrid rice had a substantially higher outcrossing rate due to pollen reception than the cultivated hybrid itself. The outcrossing rate is determined by both biotic and abiotic factors (Gealy, 2005; Rong et al., 2007; Yuan et al., 2007; Shivrain et al., 2009b; Zuo et al., 2011) . Abiotic factors include temperature, wind speed and direction, and air humidity, all of which should have been uniform across the plots given the scale of our experiment. Therefore, the increased outcrossing rate observed in the F 2 offspring must have been associated with differential biological characteristics of this segregating progeny.
First, individuals in the progeny of the hybrid rice had unsynchronised flowering times because of character segregation (Fig. 4) . Thus, the F 2 generation of hybrid rice had a flowering duration that was almost doubled compared to its hybrid rice parent in the gene-flow experiment, and it was further extended in the F 3 and F 4 generations (Fig. 3) . The implication of this extension of the flowering period in comparison to both hybrid rice and conventional varieties is that the pollen-receptor function of the hybrid rice progeny would have overlapped for longer with the different pollen donors. The longer overlapping times in flowering were most likely the determining factor in the higher outcrossing rates of the hybrid rice progeny. In addition, transgenic hybrid rice could also be a pollen donor, in which case the extended flowering period would increase the risk of transgene escape. Quantifying this outcrossing route was not the objective of this current research, but it is something that needs to be considered, particularly in relation to dealing with the risk of movement and establishment (introgression) of herbicide-resistance transgenes to weedy rice, especially in the absence of mitigating measures (Gressel and Valverde, 2009) .
Second, among the segregating progeny of hybrid rice there were male-sterile individuals that had obligate cross-pollination, except for hybrid rice in whose production a gametophyte abortion-type sterile line had been used. In the gene-flow experiment, the male-sterile plants had a significantly higher outcrossing (by pollen reception) rate (8.8-22.4%) than the overall rate of the hybrid rice F 2 generation (0.96-1.65%) (Fig. 4A, B) . Consequently, the male-sterile individuals would be expected to have greatly contributed to the relatively high outcrossing rate of the hybrid rice F 2 generation. Moreover, the greater range of plant heights of the hybrid rice progeny should also favor bidirectional outcrossing, except, of course, for male-sterile individuals. Therefore, the differential outcrossing rates between weedy rice and hybrid rice (both as F 1 and F 2 generations) together with conventional rice varieties should be addressed in more detail in future gene-flow studies.
It is worth noting that even if the presence of male-sterile plants is beneficial for reverse gene flow, their success will depend on the ability of the offspring to predominantly self-pollinate and set seed. Fertility restoration is easy for male-sterile plants among two-line hybrid rice progeny, because almost any other rice material will possess dominant fertility genes that restore the photo-thermo-sensitive male-sterility gene. For male-sterile plants among three-line hybrid rice progeny, however, pollen with the required specific restoring gene is needed for fertility restoration. As expected, the overall average rate of seed set of feral groups whose initial female parent was X125B (two-line hybrid rice) was significantly higher than for progeny derived from IIU86B (three-line hybrid rice) as the initial female parent (Supplementary Fig. S5 ).
In theory, the grain of transgenic varieties could be saved as seed for future planting but hybrid rice farmers, who understand the problems associated with segregation, purchase fresh commercial seed every cropping season. Thus, the risk of herbicide-resistant transgenes establishing in the field may actually be less with hybrid rice than with varietal material. In the pollen-inflow field experiment, each generation of transgenic hybrid rice was able to persist as volunteers in the following season (Fig. 5) . The persistence of volunteers may be the first step towards plants becoming feral (Marambe, 2005) . The occurrence of volunteers was influenced by the rice genetic background and environmental conditions. According to a recent study, hybrid rice would be expected to persist more as volunteers than conventional rice because of the higher overwintering capacity of its seed (Singh et al., 2016) . If possible, transgenic hybrid rice material with lower ability to survive as volunteers should be preferentially selected for commercial use, especially in regions with warmer climates and under continuous rice cultivation that are more conducive for the establishment and persistence of crop volunteers.
A paddy field devoid of weedy rice was used for the pollen-inflow experiment, and weedy rice was only present in adjacent fields. Even if the glufosinate is used to eliminate the weedy rice population in a paddy field planted with glufosinate-resistant rice, some weedy rice plants are likely to escape treatment (Busconi et al., 2014) . Bidirectional gene flow will be more likely to occur under these circumstances because both the transgenic and weedy rice will be in close proximity. It should be noted that our experimental design with exceedingly high densities of transgenic hybrid rice progeny in experimental plots and weedy rice in the adjacent fields was highly conducive for obtaining feral plants. It is possible that the frequency of feral plants under a different design, or with different wind patterns at flowering, could vary, as has been observed in other gene-flow studies (Rong et al., 2012; Sun et al., 2015) . In our case the wind patterns at flowering ( Supplementary Fig. S1 ) clearly allowed reverse gene flow to occur, as clearly demonstrated by the phenotypic and genetic characterisation of the feral plants. It is undeniable that because of the increased outcrossing rate of its segregating progeny, transgenic hybrid rice should have a higher risk of transgene escape than transgenic rice varieties. This agro-ecological risk must not be neglected, particularly if herbicide-resistant hybrid rice that is either transgenic but without transgenic mitigation (Gressel and Valverde, 2009) or is conventionally bred becomes commercially successful and is planted over large areas, thus increasing the likelihood of greater areas being infested by herbicide-resistant weedy rice.
Based on the results obtained in this study, it is evident that a more stringent management or stewardship program should be implemented for transgenic hybrid rice cultivation compared to transgenic varieties because of the higher agroecological risk associated with the higher outcrossing rate of the hybrid progeny. Special attention should be given to the management of weedy rice in adjacent fields to prevent reverse gene flow. Weedy rice should be properly controlled in fields and neighboring areas where transgenic hybrid rice seed is being produced because of the risk of a proportion of the male-sterile line being pollinated by weedy individuals. Weedy rice control with the herbicide to which the transgenic rice is resistant should be complemented with other practices that are properly integrated into the production system; for example, stale seedbed preparation, when feasible, to decrease the initial density of weedy and volunteer rice that can become established within the crop, particularly in directseeded fields at low latitude regions with suitable conditions for continuous rice production systems. It is advisable to initially plant transgenic herbicide-resistant varieties instead of hybrids in fields heavily infested with weedy rice, since varietal material poses a lower risk for gene flow than hybrid rice. In any case, it is best to have a proper rotation system in which varieties or hybrids with transgenic or conventionally bred resistance to herbicides with different modes of action are alternated. The rotation scheme can also be based on the deployment of hybrid rice that incorporates transgenic mitigation of gene flow (Gressel and Valverde, 2009 ). Finally, safety assessments and management regulations for transgenic hybrid rice should be further improved to take into account the risk of reverse gene flow.
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